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Preface 


A) Objective : 

The objective of this report was to investigate the feasibility of design 
of an omnidirectional communication antenna which could be step scanned to 
+ 30° from the broadside position. The antenna gain desired of this antenna 
was 6.0 db peak. The results of the study is to recommend a laboratory 
feasibility demonstration leading to a flight development program. 

B) Scope : 

The scope of the work was limited to theoretical analysis utilizing Avco 
computer codes for aperture configuration definition. Layouts and estimated 
efficiencies of antenna feed and phase switching networks were made to provide 
a selection of a preferred approach to the antenna design. 

C) Conclusions : 

The results of this study has shown that the physical implementation of 
the desired design goals including packaging volume can not be met in their 
entirety. Directive gains of 6.0 db can easily be achieved but the real 
world of feed configuration and losses limit the peak gain to approximately 
4.8 db with a 5 row axial arrayed aperture. The gain at the off bores ight 
angles of + 300 decrease to 4.5 db. With only 2 beam positions off broadside, 
the gain at the crossover points decreases to - 2.50 db. 

To achieve 6.0 db gain over a sector ± 30° from broadside, requires in- 
creased directive gain by increased axial length of aperture. This require- 
ment in turn increases feed system complexity which increases total feed 
system losses, reducing the realizable gain. The increased directivity 
with its narrow pattern, requires finer incremental stepping to maintain the 
desired gain, thus further complicating the feed system phase steering design. 
A point of diminishing returns occurs and limits the practical gains achiev- 
able. 

D) Summary of Recommendations : 

The results of this study suggest that a review be made of the communi- 
cation system requirements to determine if the antenna system gain can be 
relaxed from the 6.0 db. A practical gain over the sector of * 3 O 0 would 
be in the. order of 3*0 db. 

Should the peak gain of 4*8 db be acceptable, a detail investigation 
should then be made to define a specific aperture configuration and feed 
distribution network. A laboratory evaluation of the feed network efficiency 
should be made to more accurately estimate the system losses due to discon- 
tinuities, mutual coupling, and normal insertion loss. Should the system 
losses be found acceptable, a full-up electrical prototype including aperture 
radiating element and feed system is recommended to establish the expected 
system gain of a flight unit. 
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FINAL REPORT 


AN OMNIDIRECTIONAL STEP SCANNED ARRAY 
COMMUNICATIONS ANTENNA 


1.0 INTRODUCTION 

This report describes work performed under contract towards the defini- 
tion of a spacecraft communications antenna. The design specification goals 
for this antenna are listed in Table 1 below. 

Table 1 

Specifications Design Goals for Antenna System 


Frequency: 

Gain: 

Main Beamwidth: 
Size: 

Weight: 

Material: 

Polarization: 

VSWR: 


2.1 and 2.3 GHz 
6.0 +0.5 dBi 

360° steerableto 30° from broadside of antenna 
Cylindrical approx. 10. 15 cm x 25.^ cm long 
1.8 kg or less 

No magnetic material to be used 
RHC - 2 dB circularity 
1.2:1 or less 


The antenna system to be described is to be part of the communications 
subsystem on the International Magnetospheric Explorer Spacecraft (IME). 
Amongst the key design goals for the antenna is the requirement to point its 
main beam perpendicular to the spacecraft spin axis, and at certain orbital 
locations to skew the beam at the discreet angles of * 30° from broadside. 


The work performed herein has resulted in a design approach suitable 
for laboratory evaluation. 


2.0 SCOPE 


The scope of this work was to perform theoretical analysis and tradeoffs 
which would lead to a preferred design approach. The tradeoffs included the 
following antenna parameters: 

• Array size and form factor 

• Array radiating element configuration 

• Number of radiating elements required in circumferential plane for 
roll plane gain uniformity 
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• Number of radiating elements in axial plane 

• Feed network 

• Phase shifter considerations 

3.0 SUMMARY 


The study described in this report is summarized in these paragraphs. 
There are two viable options differing first in the configuration of the 
radiating aperture, and secondly in the approach to locating the integrated 
feed network assembly. 

3.1 RADIATING APERTURES 


From pattern analysis studies using Avco computer codes for slot and 
wire antennas, two basic configurations are viable. The first is the slot- 
dipole configuration shown in Figure 1. Here the dipole and slot fields 
provide the space and time quadrature signals required for circular polari- 
zation. This arrangement has the potential of being most efficient from an 
aperture illumination viewpoint in that there is no energy being radiated 
in the axial direction of the elements due to the slot and dipole element 
patterns having nulls in the axial direction. The disadvantage is that the 
dipole must sit on a radius larger than the slot, increasing the overall 
antenna diameter. (A 10 cm diameter design goal was imposed.) The 
center volume of the antenna is void so as to accommodate a spacecraft sub- 
system antenna at another frequency. The second aperture option is given 
in Figure 2. This configuration consists of a circularly polarized annular 
slot flush mounted on a 10 cm diameter cylinder. The advantage of this 
configuration is its geometrical simplicity and its maximum diameter of 
10 cm. A potential disadvantage is the decreased efficiency due to energy 
being radiated in the axial direction. Calculations, however, have shown 
that in an array, the array factor minimizes radiation in the axial direction. 

Both of these apertures are prime candidates and are to be investigated 
in parallel in a subsequent electrical design phase to insure optimum selection. 

3.2 FEED NETWORKS 


The feed system alternatives are best described by reference to Figure 3* 

Figure 3 a describes a fully integrated A -strip feed arrangement which 
provides individual element excitation via a corporate power divider network. 
Beam position steering is accomplished by a passive integrated hybrid "beam 
forming matrix" . This phase shifting approach has been chosen to provide 
increased reliability by eliminating the active components (diodes) required 
to steer the beam to the required positions. The quadrature time phase 
signals are provided by /K. -strip quadrature hybrids which allow both right 
and left circular polarization. Finally, a single pole 3 throw M- -strip 
diode switch (a separate package) is provided to select beam position and 
polarization. 
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The basic advantage of the integrated feed is that the complete circuit 
is printed on a single -strip board, hence manufacturability of this 
component will be relatively straightforward. A disadvantage of the total 
integrated feed is the 17.8cm length required to accommodate the circuitry. 

The second feed option places the quadrature hybrids for polarization 
selection, the beam forming matrix, and single-pole, three-throw switches on 
a single board of dielectric constant € - 9.0. The R.F. connection between 
this package and the individual rows of elements in the array is accomplished 
by 10 identical low loss coaxial lines, representing 5 rows and two polari- 
zations. There is the distinct possibility that the coaxial lines can double 
as structural support members for the array in its operationally deployed 
configuration. This requires, however, a detail investigation from a space- 
craft integration viewpoint. 

The estimates for expected insertion loss have been made based on a 
M -strip package for the feed system. These losses at 2.3 GHz are given 
in Table 9 , along with the expected antenna system gains . 

4.0 ANTENNA CONFIGURATION CANDIDATES 


The first task in this study was to investigate the most likely concep- 
tual antenna candidates for conducting tradeoff studies. Due to the require- 
ments of omnidirectionality about the spin axis of the spacecraft, the 
antenna form factor was required to be rotationally symmetric. A bicone 
design (Table 2, Configuration A) was considered very early in the study but 
was found to require considerable volume in order to achieve the gain required. 
The additional requirement for discreet beam steering suggested that the 
bicone approach would require more vertical aperture at the feed region to 
provide proper phase taper . Alternate means of phase taper such as phase 
shifting at the outer aperture region was judged an. inferior approach and the 
bicone was eliminated from further investigation. 

The second candidate considered was an array of dipole-loops in a verti- 
cal configuration as shown in Table 2, Configuration B. Here the collinear 
dipoles provide the axial component of the circularly polarized field, while 
the loops provide the horizontal component in phase quadrature. This design 
approach had potential from a weight and volume viewpoint, but the require- 
ment of beam steering and the occupation of the volume which includes space- 
craft spin axis does not allow the use of a low frequency antenna coaxial 
with the communications antenna as desired. The concept was therefore dis- 
carded. 

The antenna configuration study led to. a cylindrical form factor as 
shown in the remainder of Table 2, CDEF. Utilization of a cylinder allows 
the possibility that a low frequency experiment antenna be mounted coaxial 
with the Communications Antenna. Further, it is amenable to theoretical 
parametric analysis which allows trade studies to be performed relative to 
the performance desired. 
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Table 2 


\ 


Candidate Antenna Configurations 

Comment 

Configuration A 

• Large Aperture Dimensions Required for 
6.0 db Gain 

• Beam Steering Difficult 

• Efficiency Potential High 

Configuration B 

• Potential for Mechanical Simplicity 

• Frequency Sensitive 

• No Capability for Coaxial Compatibility 
with L.F. Experiment Antenna 


o©o 


Applies to All 

Cirranslot 



Config. C 


• 

Good Form Factor 


Crossed Slot 

• 

Compatible with 
Coaxial Antenna 

Config. D 




□ □□ 


• 

Length A Factor of 

Microstrip 


Feed Net. 

Config. E 

II IQ 1 


• 

Efficiency Main 
Concern 

Slot/Dipole 



Config. F 
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Cirranslot Radiation Pattern - RHC - 
Cj^cumferen£is^^^ine , 5 Element Circumferential 
Array x 4 Row Axial Array - d/X = .53 





RELATIVE MAGNITUDE 


Cirranslot Radiation Pattern - RHC - 
Axial Plane 5 Element Circumferential Array x 
Row Axial Array - d/A = • 53 
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RELATIVE MAGNITUDE 


Cirranslot Radiation Pattern - RHC - 
Circumferential Plane, 5 Element Circumferential 
Array x 4 Row Axial Array - 0 = 60°, a/A = -53 



Figure 6 
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RELATIVE MAGNITUDE 


Cirranslot Radiation Pattern, Axial Plane 
5 Circumferential Elements x 4 Row Axial 
Array - 0 = 60° = -53 



Figure 7 
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4.1 CYLINDER ARRAY ELEMENT 


Table 2 shows array element configurations studied. While the array 
performance for these configurations can be expected to be similar, the 
method of implementing the feed is different and provides several candidates 
from the feed viewpoint. In the paragraphs below, the configurations of 
Table 2 are discussed and theoretical performance illustrated. 

4.1.1 Configuration C - Cirranslot ( Cir cularly Polarized Ann ular Slot ) 

From previous experience at S-band, a cylinder array with axial 
polarization required 1 element per inch of cylinder diameter to achieve • 
uniform roll plane coverage. However, for circular polarization, it turns 
out to require an additional aperture. This is due to the fact that the 
circumferential polarized component of the circular polarized field requires 
a higher density of elements in the circumferential plane to provide uni- 
formity. 

Having defined the circumferential array element requirements (5 
elements), the axial array configuration requirements were studied. 

Avco computer code 2712 (See Appendix A) was utilized to determine 
the far field radiation in the axial plane of the cylinder. The patterns 
are described in terms of directivity, beamwidth, ellipticity ratio, and 
side lobe characteristics versus the number of elements, and spacing 
between elements. A plot of the radiation characteristics for 4 axial 
elements with spacing d/X = -53 (f 0 = 2.3 GHz). is shown in figures 4 and 5- 
Figures 6 and 7 show the radiation characteristics steered off broadside by 
60°. For the element spacing considered the required phase taper was found 
from the simple relationship: 

£ - - 2TT nd CQS e 

A 

0 = angle measured from cylinder axis 

d = element spacing 

X = operating wavelength 

n = incremental phase integer 

Although sidelobe levels have not been specified in Table 1, the aper- 
ture distribution was tapered in a Dolph-Chebyshev manner to yield 15 db 
sidelobes. In addition, the axial spacing of .53 A ' was chosen to constrain 
the grating lobes of the array to a level not greater than the natural side- 
lobes when the array is steered in the ± 30° steered directions . ( 0 = 60, 

120 ). 

It is seen from these plots that the beamwidth is 27° (30° design goal) 
at both broadside and 0 = 60, 120. The directional gain is greater than 
6.0 db. 
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The directionality achieved by this array configuration must be con- 
sidered together with the losses of a feed network required to excite the 
array. These losses will reduce the directive gain by a factor depending on 
the feed network configuration selected. Feed distribution network considera- 
tions are discussed fully in Section 6. 

The need for more directive gain suggests that the element spacing be 
increased to achieve an effective increase in the array aperture length, 
thereby increasing the directive gain. This of course, would cause a pro- 
portional decrease in beamwidth in the axial plane. The other possibility 
of increasing directive gain is to add a fifth element in the axial dimension. 

To test these various approaches for increased directivity the element 
spacing was increased to 0.7 A which by rough calculation appeared to provide 
a directive gain increase of approximately 1 db. The pattern for the predomi- 
nant polarization is given in figure 8. Here we see the disastrous effects of 
the grating lobe. The net gain is seen to be 5-75 db and is judged not satis- 
factory in achieving the objectives. 

The second alternative of five elements arrayed axially was investigated. 
In addition, the spacing was put at .53 A to prevent the appearance of any 
grating lobes. The results show the expected improvement in the directional 
gain of - — ' 1.0 db. 

The above results basically represent the expected performance of the 
aperture element configurations shown in Table 2, CDE and can be used to 
describe the far field characteristics of each. This is due to the fact that 
the element pattern for these configurations are virtually identical. 

4.1.2 Crossed Linear Slot Array Element - Table 2D 

In terms of practical application, the crossed linear slot element was 
considered only as a back-up to the circular slot. The latter being considered 
prime candidate due to its geometrical circular symmetry, a feature which can 
be exploited as discussed in Section 6.0. 

4.1.3 Microstrip Array Element - Table 2E 

The microstrip package of Table 2E, while requiring no cavity in the 
conventional sense, has a very narrow bandwidth, in the order of 2$. In 
addition, the problem of getting the, required corporate feed integrated with 
the microstrip radiators decreases the viability of this approach in a practi- 
cal system requiring 10$ bandwidth. It was therefore eliminated from further 
consideration. 

The slot/dipole configuration was considered a prime candidate and is 
considered next. 

4.1.4 Slot/Dipole Array Element 

The next step in the analytical trade-off task was to investigate the 
characteristics of the circularly polarized slot/ dipole configuration depicted 
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Cirranslot Radiation Pattern - Axial Plane 
5 Circumferential Elements x *4 Row 0 = 60° d = .7 A 




Figure 8 
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in Table 2F. 


It is veil knovn(^) that element patterns vith nulls in the direction 
of the array axis allov larger spacing before grating lobes appear. The 
limits in element spacing are given by the expression taken from reference 1. 

a/x « i 

1 + cos 9 

vhere 9 = Beam Angle Off Array Axis 

Thus for a steered angle of 9 = 60°, d must be less than or equal to 

.66 \ . 


The slot/dipole configuration vas pursued to examine the benefits to be 
derived in directive gain vs. element spacing, while keeping a four element 
axial configuration. 

The mathematical model for the dipole array was that derived in reference 
2. The slot array radiation characteristics were derived from expressions 
found in reference 3* For purposes of documentation, the computer program 
listed in Appendix B was used to describe the far field pattern characteris- 
tics of the slot/dipole configuration shown in Table 2F. 

The major parameters of interest in the slot/dipole investigation were 
the following: 

a) cylinder radius 

b) dipole position radius 

c) relative amplitude between slot and dipole 

d) relative phase between slot and dipole 

e) number of elements in circumferential plane 

f) axial spacing between elements 

g) relative phase and amplitude between axially arrayed rows 

The computer code was checked out by comparison with published data. 

The slot program checked out exactly. There was some small discrepancy 
between the dipole version as computed by Avco and that in reference 2. 

After careful rechecking of Avco subroutine accuracies, however, it was 
concluded that the reference paper probably does not have the accuracy 
available in today's scientific subroutines. The coding accuracy was 
therefore accepted, and the program was exercised. 

The first task was to determine the number of elements required in the 
circumferential plane to achieve uniform roll plane coverage. Figure 9 
summarizes the peak-to-peak amplitude variation of orthogonal polarized 
fields in the roll plane, as a function of cylinder radius for 5 and 6 
elements equally spaced in the circumferential plane. Figures 10 and 11 
show a typical roll plane variation of the E0 (slot) field, and the Eg 
(dipole) field. It is clear that the dipole is the prime contributor to 
roll plane gain variation. Subsequent calculation revealed that 8 slot/ 
dipole elements will produce a uniform field in the circumferential plane. 
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Peak to Peak Ripple Vs Cylinder Radius - Circumferential Plane 



(atreid: TBtq.u8j:3jumoj;xo) qp-aiddiy 


Cylinder Radiu; 


















Radiation Pattern Slot/Dipole Typical E (Slot) Response Vs. 0 


EPHI VS. ANGLE (THETA-90 DEG) 



BVCO/SD 

30.HBt.74 


Figure 10 
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Radiation Pattern Slot/Dipole - Typical E (Dipole) Response Vs. f) 

ETHETA VS. ANGLE (THETA-90 DEG) 



AVCO/SD 
30 .HRY .74 


Figure 11 
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In all cases in Figure 9, the dipole was on a radius A/8 larger than 
the cylinder. The A 's on the figure show how a decreased height of the 
dipole above the slot, on a cylinder radius of . 39X , decreases peak-to- 
peak field ripple. While there is some improvement, the bandwidth of the 
dipole is probably decreased due to its proximity to the cylinder ground 
plane . 

At a cylinder radius of .389 X (Dia =10 cm) and a dipole radius d/X = 

. 514 (na = 13-4 cm), the amplitude variation is ± .45 db about an average 
field value. This value is considered acceptable and a six-element circum- 
ferential array was chosen to proceed with axial array definition studies. 

Figure 12 represents the axial pattern of a single circumferential row 
of 6 elements. As desired, there is a null in the axial direction. One can 
expect that due to the cardiod pattern shape the directivity of the array at 
beam position angles of f) - 60, 120° will suffer some loss. This is expected 
to occur noticeably for larger values of steering angles off broadside. 

Figures 13 and l4 are typical axial plane patterns at 0 = 60°, 90°- 
Figure 15 is a summary description of the bearawidth and directivity charac- 
teristics of a slot dipole array as a function of interelement spacing. The 
pertinent parameters of the array are listed on the figure. (A complete set 
of dipole/ slot computed patterns are given in Appendix C). 

Referring to Figure 15, the directivity of the array for broadside 
pointing (i.e., 0 = 90°) is seen to increase rather uniformally as inter- 
element spacing is increased. At the main beam position of 60° and 120°, 
however, the directivity reaches a peak at d/X .68 and then reverses 

towards lower values. This downward trend beyond d/ A = .68 is due to 

the appearance of grating lobes. 

The equivalent array length for 4 rows of elements is also given in 
Figure 15. For a 4 element dipole/slot array element at an axial spacing of 
d/X = .65, the array physical length is seen to be 3^- cm (13-4"). 

From the beamwidth curves of Figure 15, it becomes clear that the design 
goal of a 30° beamwidth can be achieved only at a spacing of 0.5 X and a 
tapered aperture distribution. The reality of the situation, however, is that 
a practical feed network is lossy. The loss effects of the feed in turn 
requires an increased directivity to make up for these feed losses. 

It is clear from extrapolating the previous discussion that to realize 
a 6.0 db net gain (Directivity - losses) two things are required: 

a) Increased directivity with associated decreased -beamwidth 

b) Finer incremented beam steering to compensate for narrower beam- 
widths. 

Increased directivity can be achieved in two ways; namely, by increased 
spacing between elements as shown above, or by adding additional circumfer- 
ential rows of elements. The decreased beamwidth is a dependent variable 
(on directivity) and therefore must be accepted and used to define the incre- 
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merited, beam steering required to provide adequate coverage in the axial p lan e ■ 

As will be shown later/ the estimate of feed losses ( 2.65 db) requires a 
directivity of 8.65 db at 90 ° in order to achieve a gain of 6.0 db at broad- 
side. This feed loss calculation is based on a 5-row axial array with beam 
steering at 3 discrete locations 60°, 90°, and 120°. (The directivity of the 
5-element row is given in Figure 15 at a spacing of d/X = . 53 .) 

To illustrate the approximate number of slot/dipole rows required to 
achieve a specified directivity, the curve of Figure 16 has been plotted. 

From this figure it is clear that approximately 7 rows of elements spaced 
A/2 apart will yield a directivity of 8.65 db. The corresponding beam- 
width is 15 degrees. In order to provide coverage from 60°-120°, the beam 
would have to be switched 4 times. The additional phase shifting and feed 
network circuitry would require re-analysis to assess the corresponding net- 
work efficiency. A layout of a 7-row feed network was not done during this 
contract due to lack of available time and resources. 

5.0 CONCLUSIONS FOR APERTURE STUDY 

The array study conclusions can be stated in summary form as follows: 

a) A cylindrical array has a form factor suitable for allowing 
volume for a low frequency experiment antenna coaxial with the 
array. 

b) The radiating aperture of the array element can take many forms. 
The circularly polarized annular slot and dipole/slot aperture 
are two prime candidates for practical implementation. 

c) Dual circular polarization capability is available for all aper- 
tures studied since there is a practical access to spactially 
orthogonal R.F. terminals. 

d) Wide ranges of directivity and corresponding beamwidths can be 
obtained by effectively utilizing the row and row spacing para- 
meters . 

e) The achievable gain will be a function of the feed system losses 
and will result in diminishing returns for higher directivities. 

f) The bandwidth of the antenna array will be a function of the 
radiating element and the feed system bandwidth. The system 
should be tuned to maximum gain at the transmit frequency of 
2.3 GHz, allowing some degradation due to bandwidth limitations 
at the receive frequency of 2.1 GHz. 

6.0 FEED DESIGN 

The realization of the required gain of the antenna as defined in the 
previous paragraphs is heavily dependent’ on the type of feed system utilized 
to feed the array. Two classes of feed approaches were considered, the 
traveling mode waveguide feeds and the integral network feed. 

In the traveling mode waveguide approach, the array elements would be 
etched into the wall of the circular waveguide and excited by a circularly 
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polarized traveling (two orthogonal TE-q modes) wave, launched in the cylin- 
der^). While this approach offers a most efficient feed, the phase of the 
field in the circumferential plane rotates 360 °. In addition, unless the 
radiating elements are spaced \ g apart (requiring a slow wave structure 
internally to match the external spacing requirement of A / 2 ), the circu- 
larly polarized fields will he severely degraded in polarization. Finally, 
the traveling wave approach does not yield a simple means of positioning a 
beam at 3 locations. The requirement of 3 beam positions and a constant 
phase pattern (± 5 °) in the roll plane eliminates the circular waveguide 
traveling wave feed approach from serious consideration. 

The other class of feed distribution system, the "integral network 
feed," can be implemented in a multiplicity of ways. This feed approach 
utilizes individual transmission lines to each element of the array and can 
be implemented most easily by stripline or microstrip techniques. The prob- 
lem in design is how best to utilize the strip transmission technology with 
its relative ease of manufacture, to result in a minimum loss feed network. 

6 . 1 Feed System Components 

Before selecting an approach to the integrated feed network, an under- 
standing of the feed system components required to produce a 3 position beam 
dual polarized radiation field is required. Refer to Figure IT, and Figure 
3a. 


Figure IT 


E D C B A 



(2 ea) (l ea) (l ea) (l ea) 


Here the MXN matrix of radiating elements (A) are individually powered via 
a parallel array of corporate power dividers (b) which supply each row with 
equi-phase, equi -amplitude signals. In addition to the amplitude and phase 
characteristics, the corporate divider of each row provides spatially ortho- 
gonal feeds for use in generating the orthogonal circularly polarized sig- 
nals required. The total number of outputs of box B in Figure IT is 10 
representing 5 rows and 2 polarizations (right and left circularly polarized 
ports). In box C are located R.F. line lengths utilized to compensate for 
the varying linear distances of each row of the array to the bottom level of 
the array. In addition, the quadrature hybrids which split the signals with 
equal time phase quadrature components for circular polarization are included 
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in "box C. Box D contains the phase shifting capability required to steer 
the beam with its prescribed locations. Finally, in box E, a coaxial or 
or diode switch is required to select the polarization desired. 

In the following discussion, each subsystem block of the integrated 
feed system will be discussed in terms of options and trade-offs available 
to providing a baseline or reference design suitable for demonstration in 
the laboratory. 

6.2 MXN Array Element Matrix 


In Figures 1, 2 are shown two basically different approaches to aper- 
ture element implementation. Figure 2 shows a flush mounted approach. In 
this approach circular apertures ( cir cularly polarized ann ular slots , "cirran- 
slot") are etched on the inside surface of an outer cylinder. This cylinder 
is conceptually a single .16 cm rolled teflon fiberglass substrate copper or 
aluminum clad on both sides. At the center of each cirranslot is a dual 
coaxial line , (6) which feeds the spatially orthogonal microstrip 

slot exciters witTTtirae quadrature signals for circular polarized ex- 

citation. The coaxial lines are brought . through to a second cylinder MJ 
coaxial with the outer cylinder (/p . This second coaxial cylinder is also 
of metal clad teflon quartz rolled into a 7.6 cm diameter cylinder. The 
coaxial line exits the inside of this cylinder and mates electrically with a 
dual polarization corporate feed network yet to be discussed. The concentric 
cylinders are held securely and coaxially by rivets mounted on each side of 
the coaxial feed lines. Each row of elements is isolated electrically by 
cavity limit rings as shown in Figure 2 . As far as the radiating ele- 

ments of a row are concerned, the "cavity" behind the slots are coaxial 
cavities in the circumferential direction and half wave cavities in the 
vertical dimension. The length of a 5-row aperture proper is 3^*3 cm ( 13 • 5 
inches), with an outer diameter of 10. l6 cm (4 inches). 

The second alternate configuration is that shownin Figure 1 . Here the 
radiating element consists of a slot/dipole ©. , (4) combination yielding 

two spatially orthogonal linear polarizations. As in the previous case, the 
region formed by the two concentric cylinders acts as a cavity this time for 
the radiating axial slots. The cavity length in the circumferential direction 
is a/4 and constitutes the equivalent of a quarter wave cavity fed slot. 

The dipole is adjacent to the slot and forms the orthogonal polarization re- 
quired for circular polarization. In the axial direction there is no elec- 
trical need for cavity boundaries. This is because the fields of each slot 
have a zero at the slot end and is confined to the region bounded in the 
circumferential direction by the copper clad dipole boards Qy and in the 
axial direction by the virtual walls due to. the nature of the field''®'. 

The slot/dipole apertures are fed from an identical corporate feed net- 
work as in the cirranslot case. The interface between this corporate feed 
and the slot/dipole radiators is different however. In this case, mic^ostrip 
circuits are used to excite the apertures. In Figure 1 View B item Q8) 
shows the dipole microstrip exciter printed on the side ogposite_the dipole 
(View A). The slot exciter is a microstrip tab View B , ( 9 ) shown 

intersecting the radiating slot in section cc of Figure 1. 
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The cylinder diameter at the axial slots location is 10 . 16 era (4.0 
inches). The diameter of the dipoles is 13.4l cm (5*28 inches). 

6.3 Corporate Feed Network 

The objective of the corporate feed network is two fold. The first 
objective is to provide the proper amplitude and phase distribution across 
the aperture of the array in the circumferential plane. The second objec- 
tive is to configure the network so as to maintain a volume about the axis 
of the antenna which is unobstructed, so as to accommodate experimental L.F. 
antennas . The diameter chosen for this volume was based on estimates of 
minimum required cavity depth for the array element radiators and the space 
requirements for the microstrip corporate feed network. 

The layout of the corporate feed network was preceded by a tradeoff in 
which the use of stripline and microstrip was compared. The comparison is 
summarized in Table 3 below: 

Table 3 

Stripline/Microstrip Considerations 



Normalized 

Weight 

Estimated 

Losses 

Temperature 

Sensitivity 

Mfgability 

Strip line 
(2.3 GHz) 

1.0 

. 016 db/ cm 

Thermal grad- 
ients can 
cause gaps 
between plates 

Repeatability 

fair 

Microstrip 
(2.3 GHz) 

1/2 

.012 db/ cm 

No thermal 
gap problems 

Good 


From all tradeoff parameters considered, microstrip was selected as the 
approach for implementing a feed network for IME. The use of microstrip 
at S-Band in space applications has been documented (7), 

.The corporate feed network for each circumferential row consists of two 
subnetworks which are images of each other. These two subnetworks (Figure 
3b) carry time phase quadrature signals which feed the orthogonal linear 
polarized fields for either circular polarization. 

Several approaches to this network were examined. These were 

a) resonant shunt loaded line (series feed) 

b) shunt coupled line and variations (series feed) 

c) parallel corporate feed 
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The resonant shunt feed technique was considered as the potentially 
most compact design approach. In this feed approach Figure 17b. 1, a straight 
run of transmission line is shunted at A /2 intervals by aperture feed lines 
and terminated in a short circuit. The short circuit termination sets up a 
standing wave on the line and provides equi-amplitude signals which alternate 
in phase by l80°. On every other shunt feed line, a A/2 addition of length 
is required to bring all signals to a common phase reference of 0°. While 
this approach will work oyer a small bandwidth, it was judged to be inade-' 
quate in providing a smooth roll plane pattern over the 2. 1-2. 3 band of 
frequencies. An estimate of the degradation at the lower band edge is given 
in connection with configuration b. The resonant shunt feed approach was 
eliminated on the basis on frequency sensitivity. 


6.3.I Shunt Coupled Line 


This configuration shown in Figure 1Tb. 2 utilizes the single trans- 
mission line shunted by directional couplers which couple energy progres- 
sively to each radiator feed point. The main transmission line is termi- 
nated in a radiator rather than in short circuit as. in configuration 1. 
Calculations were performed on this approach to determine the required tap 
points and compensation feed lengths in each arm required to produce equi- 


phase 

at each 

element. The phase at 

I 

where 


phase at Terminal 



0 n = 1 
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Table 4 gives the line lengths as optimized for equi-phase conditions at 
2.3 GHz. Leaving the line lengths fixed for operation at 2.3 GHz, the rela- 
tive phases were computed for the condition at f = 2.1 GHz. The results are 
shown in the graph of Figure 18. It is clear that the phase pattern in the 
roll plane has significantly departed from the required + 5° and at the levels 
indicated will produce severe nulls and depressions in the roll plane radia- 
tion patterns. 

The relative phase difference at 2.1 GHz can be decreased by going to 
a parallel/series combination as shown in Figure- 1Tb. 3. Even here, the re- 
sulting phase differential (Figure 18) of 30° is too large to obtain smooth 
roll plane patterns with ± 5° phase deviation. 
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Table h 


Shunt Coupled Feed 

Parameter Values for Design Optimized For 2.3 GHz 



cm 

cm 

i 

(deg) 
2.3 GHz 

t> ( deg ) 

2.1 GHz 

1 

3-0 

j 

216.31 

205.5 

2 

5-8 

5.6. 

576.31 

535.6 

3 

2.9b 

2.9 

576.31 

535.6 

k 

5.8 

5-8' 

935.31 

862.8 

5 

2.9 

2.9 

935.31 

862.8 

6 


5-1 

935.31 

865.6 • 


For configuration b - Figure 17 


By continuing the procedure, a complete parallel network (Figure 3) 
will reduce the phase difference to 0 at 2.1 GHz. This occurs because the 
relative physical path length to each individual element is identical and 
therefore independent of frequency. 

The above analysis leads to the conclusion that only a parallel corporate 
feed network can meet the roll plane pattern and phase requirements over the 
frequency band of interest. 

Having selected a parallel corporate feed approach as a reference, the 
next task was to lay out such a network keeping in mind that it must go on 
the inside surface of a 1.6 cm dia cylinder as a microstrip package. 

Figure 3 a , b illustrates the circuit derived. The two corporate dividers 
required for each row (for time phase quadrature ..signals ) is seen to fit in 
the restricted volume quite easily. The feed lines, however, must ultimately 
arrive at the bottom of the cylinder to receive the inputs from the row phase 
shifter boards. As seen from Figure 3 a there are 10 of these feed lines. 

There are two options in bringing the row feed terminals to the lower 
part of array. These are the microstrip integrated option and the coaxial 
line option. Both these options are considered feasible, but require detail 
mechanical studies to determine the optimum choice. From an electrical and 
manufacturing point of view, the microstrip approach is attractive. 
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6. 3- 1.1 Integrated Option 


A layout of 10 microstrip feed lines routed between apertures is shown 
in Figure 3a. The line widths shown (.12 an ) represent 100 _fL impedances. 
These impedance levels were chosen due to the fact that the requirements of 
50 ohms on a.l6 cm board is .4 cm which is approximately three times that of 
a 100-ohm line (.12cm) and does not allow parallel routing in the initial 
space available, (i.e. width requirement will not allow the use of 50 ohms 
without the potential for excessive coupling between strips.) Calculations 
were performed using microstrip analysis programs developed by Weiss et al(^) 
For the configuration shown in Figure 3a, the calculated maximum coupling 
will be 20 db. The actual coupling is a sinusoidal function of the coupling 
length, therefore, 20 db is the max. coupling expected. By careful adjust- 
ment of line lengths, the coupling can be controlled to insignificant values 
at the 2.3 GHz frequency. It is anticipated that a prime task of the develop 
ment phase will be to verify that over the relatively long coupling lengths 
required, sufficient spacing exists to maintain coupling and phase perturba- 
tions at an insignificant level. 

6.3* 1-2 Coaxial Line Option 

A back-up position for the 10 feed lines is to utilize semi-rigid coax 
line to each row. The coaxial lines would terminate at the end of the array,; 
in a microstrip circuit board which would house all phase shifter, line 
compensation and power divider circuits. Conceptually this board would be 
miniaturized with a relatively high dielectric constant of about 9.0. Time 
did not allow a detailed layout of this approach. It should, however, be 
configured on paper as a back-up design in the electrical development phase. 

6.4 Phase Shifter Network 

Of prime importance to the multiple beam position capability is the 
phase shifter design. Examination of the literature suggests that the phase 
shifter design may provide the largest single contribution to feed system 
inefficiency. There are a number of options available in providing the 
aperture phase taper required for steering the beam t 30° from broadside 
(9 = 90°). These are considered below: 

Two fundamental phase shifting devices that can be considered are 
ferrites and diodes. A complete discussion of the tradeoffs available is 
given in reference 9. It can be shown that ferrite phase shifters have 
advantages from the point of view of power handling capability, low inser- 
tion loss and VSWR. Diodes, however, have faster switching times, are 
reciprocal devices, and relatively insensitive to changes in temperature. 

In this study we have restricted ourselves to the consideration of the 
reciprocal diode devices which are more amenable to lightweight packaging 
and strip circuit design approach. 

Potential circuit configurations utilizing diodes in phase shifting are 
given together with advantages and disadvantages in Table 5- 



The phase shifter chosen must provide three discrete phase values at 
each row. With two polarizations each row and 5 rows, there are a total of 
10 discrete phase shifts required to provide the steering. 

While all the candidates shown in Table 5 have potential as solutions 
to the beam steering requirement, the circuit of configuration d was chosen 
to configure a design layout. The result is shown in Figure 19. The R.F. 
input terminal is J-l. The output terminal is J-2. The three phase states 
are available by switching the diodes CR1, CR2 to conducting states to pro- 
vide the delay required. When diode CR1 is forward biased, the R.F. path is 
through that diode. When diode CR1 is off and CR2 is on, the R.F. path is 
through diode CR2 producing an additional phase A f> which is the equivalent 
path length differential between diodes CR1 and CR2. The third or reference 
phase state is with diodes CR1 and CR2 in the non-conducting or reverse 
biased mode, forcing the R.F. current to flow on the outer path of the trans- 
mission line. 

While detail design has not, been a part of this task, the insertion loss 
expected is typically .5 - 1.0 db depending on the specific diodes chosen, 
and degree to which they are matched in an R.F. sense. There will be a mini- 
mum of 20 diodes for the phase shift package, and reliability must be brought 
into the design. 

6.1.1 Alternate Phase Shifting Approach 

An alternate design approach eliminates the diodes and reduces the 
"switching" to two single pole triple throw (SP3T) switches where each throw 
position represents a single beam position and polarization. The design 
approach utilizes the properties of an integrated arrangement of quadrature 
and l80° hybrids as shown in Figure 20. In this approach the radiating ele- 
ment spacing must be reduced to 0. 5 A to produce a progressive 90° phase 
shift from row to row. In addition, sin extra row to the array has been added 
to increase the directivity such as to compensate for expected total system 
feed losses, (it is clear that, if required, additional rows can be added by 
placing rows of similar phase in parallel as shown with rows 1 and 5 of Figure 
20.) The resultant "phase shifting" network is completely passive (no diodes) 
and as will be shown, can be integrated with the corporate feed system of the 
array in Figure 3a. Table 6 (Figure 20 ) is given showing the relative phases 
at the 5 outputs (representing right circular polarization for each of 5 rows) 
as a function of input (beam position). The losses through this network 
should be minimal (^ .5 db) since the circuitry is totally passive. 

Figure 3a shows the plan view of the fully integrated corporate feed 
with the 3 position beam forming matrix. The set of 6 output terminals 
resulting represents 2 polarizations x 3 beam positions each. 

6.5 Switching Matrix 

The R.F. circuit component in the array feed network identified as block 
A in Figure 17 is a single pole triple throw (SP3T) switch required to place 
a single transmitter or receiver on a single polarization and beam position. 
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Table 5 





Hybrid Branch Line Coupler 



a) Utilizes reflective diode 
terminations 

b) Utilizes least number of diodes 

c ) Phase shift value arbitrary - by 
proper termination design 

d) Bandwidth limit to 5-10$ 


Rat -Race Coupler with 


90 Extension 




Config. B 


a) Broader bandwidth than Hybrid 
coupler 

b) Narrower impedance lines than 
in Hybrid Branch Line Coupler 


Backward Wave Coupler 


RF Out 



a) Broadest bandwidth due to input 
and directivity being frequency 
independent 

b) Octave bandwidth possible 


Config. C 


RF Out 



^ In Config. D 


a) Loaded line - series or parallel 

b) Utilize minimum number of 
diodes 


M/CO 













Layout Diode Phase Shifter 
Figure 19 




































The switch must be reliable, and must be able to handle twenty watts of cw 
power at S-Band. Insertion loss should be low and .independent of switched 
state. The bandwidth should be adequate to cover the 2. 1-2. 3 band of fre- 
quencies. 

The technology of high power, low loss microstrip switches has advanced 
to where 100 watts cw can be handled in a single pole with insertion loss of 
0.25 db at 2.3 GHz.UOJ 

This high power handling capability which is well above the required 
20 watts for the present application, is achieved by use of pin diodes with 
a microstrip compatibility and a 1000-volt reverse breakdown capability. 

The switch is reported to be superior to other switching concepts such as 
circulator designs and the electromechanical types. Superiority is stated 
in terras of power drain, weight, volume, magnetic cleanliness and reliability. 

A layout of an SP3T switch is given in Figure 21. In the layout of 
Figure 21, the state of each diode at a given time determines the power flow 
through the switch. Table 7 gives the required logic to channel power for 
each beam position.. 


Table 7 

Microstrip Diode Logic 


Mode of Operation 

Diode State 

D1 

D2 

D3 

Input to 2 

F 

R 

R 

Input to 3 

R 

F 

R 

Input to 4 

R 

R 

F 


F = Forward Bias 
R = Reverse Bias 


As an example of expected insertion loss and isolation, the insertion loss 
and switch isolation of an SPET device is given in Table 8 and was extracted 
from reference 10. 

In its flight configuration, the SP3T switch would be fabricated in a 
microstrip substrate of alumina for a reduction in size and corresponding 
light weight. The switches could be located either inside the spacecraft 
bus, or on support structure near the antenna. Location and placement de- 
tails must be worked out with vehicle design. 
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Table 8 


R.F. Microstrip Switch 
Insertion Loss and Isolation 


Characteristics of an SPOT Switch 


2.3 GHz 

2.1 GHz 

Insertion Loss 

.25 db 

.45 db 

Isolation 

40 db 

16 db 


7.0 SYSTEM GAIN SUMMARY AND EEC (MvEENDATI ON S 


The directivity capabilities of the cylindrical array and the results 
of the feed network configuration study can be combined to estimate the 
expected performance of the proposed cylindrical array of radiating aper- 
tures . Table 9 lists the expected system losses and the expected direc- 
tivities when the beam is pointed at broadside (90°) and at 60° or 120°. 

From Table 9, it is clear that the 4- and 5-row array while having 
adequate directivity, result in net gains below the desired 6.0 db due to 
feed circuit losses. In addition, since a 30° beamwidth represents a direc- 
tivity of approximately 6.0 db, the best crossover gain (gain at 75°, just 
prior to switching to e.g. 9 = 60°) is 3-0 db corresponding to a lossless 
network. The higher directivities required to compensate for feed losses 
result in smaller beamwidths. The narrower beamwidths further reduce cross- 
over gains and require finer phase shift steps to maintain adequate gains 
over the + 30° axial plane sector. 

From the above summary of system gains, the question arises as to the 
feasibility of increasing the rows to say 7 and providing a finer beam 
steering capability. Seven rows will produce a directivity in the order of 
8.6 db with a corresponding beamwidth of approximately 15. 5°. 

In order to steer the beam ± 30° from broadside and maintain a minimum 
loss to gain due to pattern rolloff of 3«0 db, there must be a minimum of 5 
discrete beam positions . The switching would occur when the look angles 
become 0 = t 7«5°> 22.5° from the broadside value of 0 = 90°. 

The feed network requirements to achieve this capability has not been 
investigated in detail. A preliminary look, however, reveals the need for 
addition of two rows (total j) of elements. These two elements appear to 
provide problems in packaging the four additional feed lines in raicrostrip 
form. (See Figure 3a.) Also the new incremental phase requirements do not 
allow the use of the integrated hybrid beam forming matrix without the addi- 
tion of phase shift increments to achieve the incremental phase values of 


4l 




Table 9 


System Gain Summary 



Beam Pointing Angle 


4 Row 

5 Row 


60 ° .** 

60 ° 

Parameter* 

90 ° 120° co 

90 ° 120° co 

Directivity - 

6.5 6.0 3.5 

7-5 7-0 0 

Element Efficiency 

-.96 


Corporate Feed 

-.85 

! : 

TTrrrm Mfl/tvrlv 

oc 


SP3T -Strip Switch 

-.35 


VSWR 

-.03 


Losses 

- 2.54 — — 



Net Gain 

3.96 3.^6 .96 

— 

4.96 4.46 -2.54 

System Weight 

1.45 kg 

1.597 kg 

System Dimensions 

6l x 10 cm dia. 

' 68.6 x 10 cm dia. 


Values in db 

X--V- 

co = crossover just prior to switching 












45°. Figure 22 illustrates how addition of a phase shifter in conjunction 
with the integrated beam forming matrix of Figure 20 might be implemented. 
The corresponding truth table is given in Table 10. 

CONCLUSIONS 


The results of this study, indicate that the gains shown in Table 9 
represent an achievable design goal. 

It is anticipated that the addition of rows to increase directivity 
reaches diminishing returns. This is primarily due to the requirement to 
steer the beam more finely which increases losses and makes packaging more 
impractical. 

Should the system gains realized in Table 9 not be adequate for the IME 
spacecraft, the details of the packaging and associated incremental losses 
should be studied in the next development phase of the program so as to esta- 
blish the upper limit of expected gain utilizing this approach. 

8.0 ANTENNA CONFIGURATION FOR 9.0 DB GAIN 


As part of this study, a preliminary investigation was made to determine 
the configuration and performance of a 9-0 db gain antenna. The optimum 
approach to this design has been to make use of the 6.0 db directive design 
as a sub-array element. An estimate allowing for additional losses due to 
a three way power divider and associated cabling requires that three such 
arrays be placed in cascade axially. No beam steering was considered for 
the 9*0 db antenna. 

Avco's computer code 2712 was exercised for the aperture configuration 
comprising 15 rows of circularly polarized annular slots with 5 slots per 
row. The broadside pattern response is given in Figures 23&, b. The 
resultant beamwidth is ^ 6° corresponding to 12 db directivity. The 12 db 
directivity is conservative anticipating a 3 db maximum loss in the feed 
network. 

Feed Network : 

The feed arrangement in this cascaded arrangement of 3 ea. 6 db direc- 
tive gain antennas is identical within each sub-array except that the in- 
puts of the 5 rows is conceived as fed from a 5-way power splitter for each 
polarization. This splitter replaces the beam forming matrix of Figure 20 
which is not required since for this study no steering is required. (Should 
the additional requirement of steering be added, a diode phase shifter board 
would be required. ) The capability of the phase shifter would be a function 
of the number of beam positions required to accommodate the narrow beamwidth 
at 9*0 db gain. 

Each 6.0 db sub-array has 2 outputs representing right and left polari- 
zations. These outputs are combined in a 3-way power splitter as shown 
schematically in Figure 2k. The 3-way splitter could fabricated in a micro- 
strip package to perform both a power splitter as shown schematically in 


k3 



Beam Forming Matrix 



Figure 22 






















RELATIVE MAGNITUDE 


Radiation Pattern - 15 Row Design , © = 90° 0 Variable 
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Eadiation Pattern - 15 Row Design, = 0 0 Variable 







Figure 24. The 3-way splitter could he fabricated in a microstrip package 
to perform both a power splitting and line compensation function. A use of 
coaxial lines between the 3-way splitter and each sub-array would also be 
practical. A gross estimate of the overall array length would be 100 cm with 
a corresponding weight of 5-4 - 1-2 kg. 

9.0 RECOMMENDATIONS FOR DESIGN OF ELECTRICAL PROTOTYPE 


The above study has concluded that an omnidirectional communications 
antenna with a 3-P os ition beam capability can be achieved with peak gains 
in the order of 4.8 db. It is recommended that the impact of these results 
on system requirements be reviewed. If system requirements call for the • 
6.0 db net gain, a detail examination must then be made into the configura- 
tion of a seven row array and the added requirements for finer steering to 
compensate for the associated narrower beamwidths. 

The exact performance of the proposed approach must be examined in the 
laboratory. An electrical design effort is recommended which will allow 
a detail investigation of the feed system efficiencies which can' be expected 
of a flight unit. Aperture element '-selection must be firmed up by examining 
bandwidth potential and basic aperture efficiencies. Finally, the axial 
array defined herein must be subjected to laboratory evaluation to insure 
performance in terms of directive gain, beamwidth, and sidelobe response. 
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Appendix A 


Program 2712 

Elliptically Polarized Radiation 
from arrays of apertures on an infinitely long 
right circular cylinder of arbitrary radius 


Program P2712 will compute the electromagnetic field of a linear slot of 
given length and orientation on a cylinder, two crossed linear slots, a 
circular slot of diameter A/tt or two crossed circular slots. It will 
also accept as input the fields as measured at the range or computed by 
other programs . 

Fields may be arrayed circumferentially and/or axially. The program will 
produce polar plots, rectangular plots, printout, or tapes, of the axial 
and circumferential fields, the left and right circular fields, the total 
fields, the total field with maximum and minimum polarization loss, and 
the ellipticity ratio. The fields may be plotted along phi-cuts or theta- 
cuts . 

The various fields may be integrated over the sphere to obtain coverage 
factors and the isotropic level. 

Parameter studies may be performed on the ripple of the various fields when 
ka or the number of apertures in a circumferential array is varied. A para- 
meter study of the percentage of a phi-cut with ellipticity below a given 
level can be done, and each cut can be analyzed for the percentage with 
ellipticity below various levels. 

Drift, phase center shift and random noise can be added to theoretical fields 
to simulate measured data, or to modify and correct measured data. 
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COEFF issca 



♦♦•♦FGXXMAIA ooes not. exist. but.has been added to data set 



B2T 



APPENDIX C 


" slot/dipole computed radiation patterns" 

Cylinder Radius = 5.0 cm 

Frequency = 2.3 GHz 

Dipole Length =0.5 A 

Slot Length = 0.5 A 


Cl 



Slot/ Dipole 





AXIAL RATIO, DB 


AXIAL RATIO VS. ANGLE (PHI-0 DEG) 



RVCO/SD 

3-JUN.74 


C3 


ETHETfl VS. ANGLE (PH 1=0 DEG) 



EPHI VS. ANGLE (PHI-0 DEG) 



RVCO/SD 

3.JUN.74 


C5 


LEFT CIRCULAR POLARIZATION (PHI-0 DEG) 



Beamwidth = 22° 
d/X = .6 

RVCO/SO 

3.JUN.74 


c6 


AXIAL RATIO, OB 


AXIAL RATIO VS. ANGLE (PH 1=0 DEG) 



nvco/so 

3.JUN.74 


C7 


ETHETA VS. ANGLE (PH 1=0 DEG) 





EPHI VS. ANGLE (PHI-0 DEG) 



RVCO/SD 

3.JUN.74 




LEFT CIRCULAR POLARIZATION (PHI-0 DEG) 





Gain = 7*63 db 
Beamwidth = 21 c 

d/\ = .65. 


RVCO/SO 

3.JUH.74 


CIO 


AXIAL RATIO VS. ANGLE (PHI-0 DEG) 



ftVCO/SO 

3.JUH.74 


Cll 


ETHETfl VS. ANGLE (P'HI-0 DEG) 


■nBBHI 


RVCO/SD 

3.JUN.74 



nvco/so 

3.JUM.74 


C13 


LEFT CIRCULAR POLARIZATION (PHI-0 DEG 



Gain = 7-9 at 
Beamwidth = 20° 


a/A - -7 


AVCO/St 

5.JUN.: 


Cl4 


AXIAL RATIO VS. ANGLE (PHI-0 DEG) 



C15 




nvco/so 

5.JUN.7 


ETHETA VS. ANGLE (PHI-0 DEG) 



RVCO/SO 

5-JUN.7 


ci6 


EPHI VS. ANGLE (PHI-0 DEG) 



AVCO/Sl 
5 . JUN.’ 


C1T 


LEFT CIRCULAR POLARIZATION (PHI-0 DEG) 



Gain = 8.L4db 
Beamvidth = l6 

a IK - -8 


nvco/so 

3.JUH.7* 


Cl8 


AXIAL RATIO, DB 


RXIflL RRTIO VS. RNGLE (PHI-0 DEG) 



| * V * I I I 3 I I 1 I l * V ' I ' I 

0 20 40 60 80 100 120 HO 160 180 

ANGLE, DEGREES 


RVCO/SO 

3.JUN.74 


C19 





EPHI VS. ANGLE (PHI-0 DEG) 




RVCO/SO 

3.JUN.74 


C21 



Slot/Dipole 

Computed Radiation Patterns 


• Axial Plane 

• 6 Element Axial Array 
(Pointing Angl6 = 30° 

Prom Broadside) 

LEFT CIRCULAR POLARIZATION (PHI-0 DEG) 



Gain = 6.29 db 
Bearrrwidth = 29° 

= 5 AVCO/SO 

3 . JUM.74 


C22 


AXIAL RATIO, DB 


AXIAL RATIO VS. ANGLE (PHI-0 DEG) 



RVCO/SO 

3.JUN.74 


C23 


ETHETA VS. ANGLE (PHI-0 DEG) 



AVCO/SD 

3.JUN.74 


C2k 


EPHI VS. RNGLE (PHI-0 DEG) 



RVCO/SD 

3.JUH.74 


C25 


LEFT CIRCULAR POLARIZATION (PH 1=0 DEG) 



Gain = 6 . 88 cib 
Beamwidth = 25° 

d/X ■ - 6 


AVCO/SO 

3.JUN.74 


C26 


AXIAL RATIO, OB 


AXIAL RATIO VS. ANGLE ■ (PHI-0 DEG) 



RVCO/SO 

3.JUN.74 


C27 




EPHI VS. ANGLE (PHI-0 DEG) 



RVCO/SO 
3 • JUN.74 


C29 




AXIAL RATIO VS. ANGLE t PHI =0 DEG) 



fivco/so 

3.JUN.7 


C31 




ETHETA VS. ANGLE [PHI =0 DEG) 



PVCO/SO 
3. JUN.7* 


C32 



EPHI VS. ANGLE (PHI-0 DEG) 



RVCO/SD 

3.JUH.7- 


LEFT CIRCULAR POLARIZATION (PHI-0 DEG 



C34 


Gain = 7.0 d"b 
Beamvidth = l6° . 

d/X = .7 


RVCO/St 

S-JUN. 


flXIRL RRTIO, OB 


AXIAL RATIO VS. ANGLE (PHI-0 DEG) 



PVCO/SD 
5 . JUN.7 


/ 


C35 


ETHETR VS. RNGLE (PH 1=0 DEG) 



RVCC/SO 

5-JUN.7 


C36 



EPHI VS. ANGLE (PH 1=0 DEG) 



BVCO/S 

S.JUN. 


C37 


LEFT CIRCULAR POLARIZATION (PHI-0 DEG 



RVCO/SD 

3.JUN.7 


C38 








RXIAL RATIO, OB 


RXIFIL RATIO VS. ANGLE (PHI-0 DEG) 



RVCO/S 

3.JUN. 


C39 




ETHETA VS. ANGLE (PHI-0 DEG) 



cLo 


RVCO/S 
3 • JUN . 



EPHI VS. ANGLE (PHI-0 DEG) 



RVCO/St 
3 . JUN 



Computed Radiation Patterns 


Roll Plane 


6 Element Circumferential Array 


LEFT CIRCULAR POLARIZATION (THETA=90 Df 


4 $-'r . ■ 



RVCO/SO 

5.JUN.7 


C42 


RIGHT CIRCULAR POLARIZATION (THETA-90 [ 



RVCO/Si 

5-JUN. 


C43 



AXIAL RATIO VS. ANGLE (THETA=90 DEG 



fivco/ 

5.JUH 


C44 



ETHETA VS. ANGLE (THETA=90 DEG) 



RVCO 

5.JL' 


C45 ' 



EPHI VS. ANGLE (THETA-90 DEG) 



RVCO/ 

5-JUN 


C 46 


